darkness, nearly the entire uppermat population of 0. terebriformis moved, by gliding motility, downward 0.5 to 1.0 mm into the microbial mat, remaining within the mat throughout the night. This particular vertical movement pattern is apparently unique when compared with the patterns of other cyanobacteria and motile procaryotes found in microbial mats (Table 1) .
Castenholz (2) has investigated the daytime behavior of 0. terebriformis in Hunter's Hot Springs. The population spreads out over the mat surface under low to moderate light intensities and either contracts to form dense clumps or migrates down into the mat during periods of high light intensity, such as midday in summer. By this behavior the population apparently maintains an optimal light environment for the support of uninhibited oxygenic photosynthesis. 0. terebriformis demonstrates photokinesis (a lightintensity-dependent gliding rate) and positive phototaxis (4) .
The stimulus and potential benefit of the nightly downward movement into an organically rich anaerobic environment are not obvious. Most cyanobacteria are obligate phototrophs (11, 25) and fail to grow heterotrophically in the t Present address: Center for Great Lakes Studies, University of Wisconsin, Milwaukee, WI 53204. laboratory in darkness. It has been suggested that the metabolism of these cyanobacteria in darkness is limited to respiration of endogenous carbon, involving glycogen degradation together with NADP+ reduction via the oxidative pentosephosphate pathway coupled to 02 reduction via normal electron transport chains. Therefore, the presence of populations of cyanobacteria in environments where little or infrequent light penetrates has continually perplexed cyanobacteriologists (19) . An understanding of the nighttime behavior of 0. terebriformis may be important in clarifying some of these observations.
The downward migration may involve a little-known form of taxis for cyanobacteria. Whereas some benthic cyanobacteria are phototactic or have photophobic responses, there have been only a few reports of chemotaxis in cyanobacteria (7, 12, 16) .
Steep vertical gradients of 02 and sulfide often exist in microbial mats that have high sulfate concentrations, as do those associated with Hunter's Hot Springs. The downward movement of 0. terebriformis is toward a position where sulfide, as well as anoxia, is present. This is of interest in terms of physiology. Many species of cyanobacteria have been reported to "tolerate" sulfide, a normally toxic substance (20) . Certain species have shown increases in photosynthetic '4CO2 fixation when they were exposed to low amounts of sulfide in the light (28) . The effects of sulfide on cyanobacteria in darkness, however, are unknown.
In this study we below the air-water interface. Spring water, collected from Hunter's Hot Springs, was supplied to the baths by an elevated container which allowed a controllable inflow. The inflow was countered by evaporation and by a small-scale overflow. Increases in salinity due to evaporation of water were negligible because of the short time periods involved (less than 3 weeks). Light was supplied by cool white fluorescent lights at an irradiance of 60 to 75 W/m2. Varying light-dark cycles were instigated, with the entire system surrounded by black cloth to minimize extraneous light.
Laboratory studies on vertical migration. Instead of monitoring the behavior of individual trichomes, laboratory studies involved the behavior of 0. terebriformis populations exposed to gradients of test substances. Soft (0.7%) agar with D medium (6) buffered with EPPS (N-[2-hydroxyethyl]-piperazine-N'-3-propanesulfonic acid; 1.2 g/liter at pH 8.0) was used as a support. 0. terebriformis can glide through, as well as on top of, 0.7% agar. Test substances were added to unsolidified agar at 45°C, and 4 ml was poured into 8.5-ml vials, forming a test plug after solidification. An inoculum was mixed into additional soft agar to form a uniform suspension of trichomes; 4 ml of this suspension was then poured over the plug and allowed to solidify, forming an overlay. The vials were incubated at 45°C in the light or dark and visually inspected for vertical movement in relation to the gradient of the test substance. derived from the undermat C. aurantiacus), a well-defined HOURS layer of the unicellular S. lividus mixed with C. aurantiacus, or soft silty sediment. Sections of mat were cut out during is 21 Figure 7 shows the results of one of these experiments. It was determined that sulfide, at an initial concentration of 0.7 mM in the test plug (see the legend to Fig. 7) , inhibited motility of the trichomes and resulted in formation of a layer of 0. terebriformis similar to that seen in the microbial mat. This response occurred both in the dark and in the light, but in the light only when DCMU [3- (3,4-dichlorophenyl)-1,1-dimethylurea] was present. Without DCMU in the light, the effect did not occur (data not shown). Seven millimolar glucose, fructose (Fig. 7) , acetate, and lactate (data not shown) did not have an effect similar to that of sulfide; i.e., none of these other substances elicited formation of a dense layer of trichomes.
An additional set of experiments was carried out in which a granule of Na2S 9H20 was inserted into the agar to one side of a culture plate 45 min after 0. terebriformis had been heavily inoculated in the center. The plates were then incubated in the dark or light at 45°C for several hours and inspected and photographed periodically. After 6 h of exposure to sulfide (and polysulfide by-products) in the dark, 0. terebriformis had not only accumulated along a sharp line of demarcation ( Fig. 8) but had also retreated somewhat from a position held 3 h earlier (data not shown). In continuous light the results were less conspicuous. It is possible that a negative sulfide taxis or a step-up sulfide phobic response is involved.
DISCUSSION
The field studies at Hunter's Hot Springs demonstrated that as a result of the diel vertical movement pattern, 0. terebriformis is exposed to large-scale fluctuations in 02, pH, Eh, sulfide, and light and regularly alternates between an aerobic, light environment and an anaerobic, dark, reducing environment. Table 2 summarizes a range of environmental factors to which 0. terebriformis is likely to be exposed on a daily basis. Most of these factors are extremely important in terms of physiology.
During daylight hours 0. terebriformis is exposed to 3 to 5 x supersaturated 02 (up to 0.7 mM), a value in stark contrast to the nightly environment of anoxia. The range of sulfide in the environment of 0. terebriformis is extreme also, from 0 (day) to 0.8 mM (night). Free sulfide over approximately 100 to 200 ,uM is toxic to most aerobic organisms, inhibiting electron transport in both respiration and oxygenic photosynthesis (8) . At the pH values found in the mat at night (6.0 to 7.0), sulfide should have an even more toxic effect, since relatively more is in the most penetrable H2S form (9) . Field samples of 0. terebriformis have been routinely exposed to sulfide from 0.3 to 1.0 mM, with little toxic effect on photosynthesis (5) .
As mentioned previously, the nighttime vertical migration pattern of 0. terebriformis is unusual (Table 1) . 0. terebriformis is the only species reported to migrate downward into a mat during darkness. In contrast, some filamentous cyanobacteria migrate up to microbial mat surfaces in complete darkness, probably exhibiting aerotaxis (21, 29) . It appears that the marine Oscillatoria mats described by J0rgensen (14) The daytime positioning of motile mat organisms, including 0. terebriformis, appears to be one of obtaining an optimal light intensity for photosynthesis or avoiding too high an intensity or both.
Periodic exposure to anaerobic, reducing conditions is not unusual for cyanobacteria in the natural environment. Illuminated aquatic environments which fluctuate between aerobic and anaerobic conditions are often dominated by cyanobacteria, whereas in stable anaerobic, photic zones, dominance is usually assumed by photosynthetic purple and green bacteria (19) . The presence of cyanobacteria in environments which regularly fluctuate between oxic and anoxic conditions has, for the most part, been viewed as the result of tolerance of these conditions, not preference (19) . Fluctuations in oxygen and sulfide may select against obligately aerobic (eucaryotic) or anaerobic photoautotrophs, thus indirectly selecting for cyanobacteria. There are many reports of the presence of filamentous cyanobacteria in anaerobic or reducing environments, as well as in zones of relatively low 02 concentration. For example, populations of Arthrospira sp. form in the aerobic-to-anaerobic transition zone of lakes (24) . The genus Oscillatoria is apparently one of the most common of the cyanobacterial inhabitants of such environments. 0. splendida (27) and 0. margaritifera (Castenholz, unpublished observation) have been found in low Eh, sulfide-containing sediments. Other Oscillatoria species (e.g., 0. utermoehliana and 0. prolifica) are commonly found in the 02-depleted hypolimnia of lakes (13, 24) . Two reports suggest that the development of blooms of certain Oscillatoria species is dependent on a lowered redox potential. Leventer and Eren (15) 24 -h period, a potential benefit to the organism is suggested. It is also likely that many trichomes remain in the undermat for an additional 24 h if the day is overcast and relatively dark. It has been determined (23) that this species is a facultatively anaerobic, slow-growing chemoheterotroph and that prolonged survival in darkness under aerobic conditions is not possible. In view of these results, the observed dominance of other cyanobacteria in dimly illuminated, anaerobic habitats could also be based on something more than tolerance.
It seems that the disappearance of most of the 0. terebriformis population from the mat surface at night is a result of random gliding in all directions by trichomes within the mat. During daylight hours, gliding motility has a directional component controlled by light gradients and intensities. When these directional cues are absent, gliding movements may be random. Within 1 to 2 h, a narrow piling-up or layering of trichomes occurs a short distance below the mat surface, whether in the field or laboratory. This may be due to the reversible inhibition of motility by sulfide present at depth. Gliding motility of 0. terebriformis is known to occur at rates of up to about 0.3 mm/min in aerobic darkness, a rate easily sufficient to account for the subsurface layering. This rate is also more than sufficient for the complete random penetration of trichomes to the bottom of the soft agar plugs used in the laboratory experiments (Fig. 7) or the formation of a layer on the surface of sulfide plugs.
In the natural environment at Hunter's Hot Springs, the layering effect in darkness is overridden and the population ascends to the mat surface when light is shown on the mat (either at dawn or with artificial light at any time during the night). The exact mode of the light effect is uncertain. Resumption of oxygenic photosynthesis may release gliding motility from the inhibition of sulfide, perhaps directly through the oxidation of sulfide. Light directly increases the rate of gliding motility in 0. terebriformis (photokinesis). Possibly both of these factors, plus positive phototaxis, combine to bring the population rapidly to the surface. The time involved for upward movement of the population is much less than the 1 to 2 h required for the downward, more random movement after dark.
The physiological advantages for 0. terebriformis of an anaerobic, reducing environment at night, in contrast to the aerobic mat surface, are the subjects of an accompanying report (23) .
